The martensitic transformation in Ni 2 Mn 1+x Sn 1−x alloys has been investigated within ab-initio density functional theory. The experimental trend of a martensitic transition happening beyond x = 0.36 is captured within these calculations. The microscopic considerations leading to this are traced to increased Ni-Mn hybridization which results from the Ni atom experiencing a resultant force along a lattice parameter and moving towards the Mn atoms above a critical concentration.
INTRODUCTION
The interest in shape memory alloys has been driven by the enormous potential these materials represent in various fields ranging from medicine [1] to robotics [2] to aeronautics [3] . This is because one has a diffusionless structural transition which involves the rearrangement of the position of the atoms in the solid. This process is entirely reversible and has been the driving force in using shape memory alloys in wide ranging applications. The microscopic mechanism that drives the transition is therefore of interest which would help us to identify which materials would undergo this martensitic structural transition (MST).
Fermi surface nesting [4] and soft phonon modes [5] have often been invoked to explain the MST, with the microscopic origin usually being associated with a band Jahn Teller effect [6] .
These reasons however do not seem to be valid across all systems. Examples among Heusler alloys are seen, where inspite of a soft phonon mode being found in the calculations, no MST has been observed [7] . We consider the example of compounds given by Ni 2 Mn 1+x Sn 1−x .
The unusual feature of this class of compounds is that the martensitic transition is seen only for off-stoichiometric compositions where x ranges from 0.36 to 0.80 in contrast to other martensites such as Ni 2 MnGa where the transition is seen for stoichiometric members.
The martensitic transition in Ni 2 MnGa has been explained by Jahn-Teller effects [6] . On the other hand the usual explanation offered in the case of Ni 2 Mn 1+x Sn 1−x is the increased hybridization between the Ni and Mn d states being responsible for the observed martensitic transition [8] . This effect should be present in the stoichiometric composition also, and these ideas do not explain why one doesn't have a martensitic transition there.
In the present work we consider several compositions of Ni 2 Mn 1+x Sn 1−x . Our calculations find a transition for x = 0.375, 0.50, 0.625, 0.75 and 0.875, but find no transition for x = 0.0 and 0.25, consistent with experiment. As our calculations are able to capture the experimental trend, we went on to examine the microscopic origin of the transition.
Considering the x = 0.50 composition, we have calculated the band structure and fit this to a microscopic tight binding model. This analysis was performed for the cubic structure as well as the martensitic structure and allows us to quantify the changes in the electronic structure. If the origin was Jahn-Teller distortions, one expects a change in the onsite energies as a result of the distortion. One however finds very small changes indicating that we must discard this model.
2
Short Mn-Ni (Mn1-Ni) bonds equal to 2.624Å are found in the parent compound Ni 2 MnSn. When Mn replaces Sn atoms (referred to as Mn2) one has the same Mn2-Ni bondlength in the unrelaxed structure. However it is found that the system lowers its energy with Ni atoms moving towards the Mn2 atoms while there is a smaller decrease in the Ni-Mn1 bondlength. This seems surprising at first as all Mn-Sn bondlengths are the same to start with and so are the bondangles leading to similar matrix elements for the hopping between Mn and Ni. This is traced to the fact that while the exchange splitting on Mn1 here should be valid for those systems also.
METHODOLOGY
Ab-initio electronic structure calculations are carried out using density functional theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP) [9] . We use the 
RESULTS AND DISCUSSIONS
The experimentally reported unit cell of Ni 2 MnSn is cubic with a lattice parameter of 6.05Å [15] . Carrying out an optimization of the lattice parameter within our calculations, the theoretical lattice parameter is found to be 6.06Å and the structure remains cubic. The Now when one of the Sn atoms is replaced by Mn, corresponding to the composition Ni 2 Mn 1.25 Sn 0.75 , we find that despite allowing for changes in the cell shape upon optimization, the structure remains cubic. The optimized lattice constant is found to 5.99Å as against 6.06Å that was found for the parent compound. The absence of a tetragonal transition at this composition, which is usually associated with the existence of a martensitic transition, is consistent with experiment. There is also a volume contraction found when we replace Sn with Mn. This is expected as the ionic radius of Mn is smaller than that of Sn. The bond lengths between Ni-Mn1, Ni-Mn2 and Ni-Sn are found to be 2.57Å , 2.52Å and 2.62
A as against the bondlengths of 2.59Å found before the atomic relaxations. There is a reduction in the Ni-Mn bondlengths, with a larger reduction in the Ni-Mn2 bondlengths.
We then consider the composition x = 0.375 in the formula Ni 2 Mn 1+x Sn 1−x . This is close to the composition x = 0.36 at which point one finds the onset of the martensitic transitions in experiment. This can be realized in a 32 atom supercell. Starting with a cubic unit cell one finds that a tetragonal unit cell is favored at the end of the unit cell optimization with lattice parameters a = 6.83Å, b ≈ c = 5.55Å, resulting in a tetragonality a/c ≈ 1.23. However, the tetragonality reported in experiment [15] [16] [17] is ∼ 1.10. This might be due to structural disorder which are not accounted for in the theoretical calculation. The difference in the lattice parameters by GGA based DFT and the experiment has been also reported for Ni-Mn-Ga system [18] . Moreover, one finds a reduction in some of the Ni-Mn bond lengths. These are found to be in the range 2.50-2.64Å for Ni-Mn1, 2.53-2.54Å for Ni-Mn2. Additionally there is a substantial increase of the Ni-Sn bond lengths from the stoichiometric compound. The question that follows is whether this aids the tetragonality and how. Understanding this would help us to explain the observed martensitic phase transition.
We then continue the discussion by considering the composition x = 0.50. Here again one finds that there is a reduction in Ni-Mn1 and Ni-Mn2 bond lengths. Additionally there is a tetragonal unit cell which is found to be favored for different combinations of x = 0.50 which is the indicator of the martensitic transition.
In chosen Mn atom is further away and is at 3.03Å from the Sn atom. However, the Ni atom is at 2.62Å from the Sn atom. If there were strong covalent interactions between the Ni and Sn atoms, one would expect the charge density to be more delocalized along the bond.
Instead we find that the charge density is more localized along the Sn-Ni bond than along the Sn-Mn bond, the spread reflecting the increased separation of the pair of atoms. This verifies that the driving force of the distortions is additionally the repulsion the electrons on Ni face from those on Sn.
An alternate explanation for the martensitic transition that has been offered has been the band Jahn Teller effect. The idea is that Jahn Teller distortions lift the degeneracy of the d orbitals. This is aided by tetragonality and hence the conclusion that Jahn-Teller Table I . The changes one finds in the energies are small. This suggests that Jahn-Teller distortions cannot be the driving force for the martensitic transitions seen in this system. It is important to note that in the spin down channel reduced exchange splitting is possibly due to transfer of charge to Ni atoms. This might be from Sn s states. Thus our analysis reveals that the lone pair effect of Sn 5s electrons is the main triggering factor for additional tetragonality. 
